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Nowadays, due to the ever increasing energy consumption and power supply 
optimization, it is required to construct new power plants, substations and 
transmission lines. In Iran, also, because of increasing demand for electrical 
energy, for a significant power loss reduction in power transmission over 
long distances, and to construct high transmission lines that lead to reduction 
in the economic costs of transmission lines, the transmission lines must be 
considered at extra high voltage (EHV) levels. These EHV levels should be 
compared with the low voltage levels in order to extract the benefits. 
Therefore, in this paper, a review has been conducted on the types of 765 kV 
transmission lines used in different countries and a comparison between them 
and the low voltage levels have been performed. Accordingly, the advantages 
of EHV transmission lines are summarized. Finally, designing a line of 765 
kV single-circuit with 6 conductors per bundle based on existing standards is 
presented. 
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Nowadays, power systems are extensively interconnected requiring the huge transfer of electric 
power. Considering that a typical transmission line with a certain voltage level, can only carry a limited 
capacity, to carry an enormous power it is required to construct extra high voltage (EHV) transmission lines 
[1]. Due to the vastness of Iran and energy demand increase, using 765kV EHV transmission lines can be a 
good choice to meet the needs. 
765 kV transmission lines have been established in some countries including South Korea, India and 
the United States of America [1, 2] and different standards are provided for these transmission lines by IEEE, 
BS and ANSI [3]. However, to make in parameters these standards with respect to Iran’s current conditions, 
such as for weather conditions, require the combination and analysis of international standards and national 
standards which are available for other voltage levels. 
In this paper, using IEEE and ANSI standards related to 765kV transmission lines, and 230kV and 
400kV standards, electrical design of all parts of a 765kV transmission line is presented.  
 
 
2. DETERMINING THE TYPE AND NUMBER OF CONDUCTORS PER PHASE 
Reviews on a variety of transmission lines in United States of America, South Korea and some other 
countries shows that the type of conductors in EHV transmission lines are of Rail or Curlew. Further, from 
Table (1) it can be understood that Curlew conductors has lower resistance and higher minimum tear 
compared to the Rail conductors which shows a better characteristics. However, in high power transmission, 
to reduce losses and limit the corona phenomenon, it is needed to increase the number of conductors per 
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bundle. Therefore, Curlew conductor can not be used due to excessive weight. Rail conductors, hence, have a 
low electrical resistance; high mechanical strength and low weight are selected. 
 
 











conductor Maximum electrical 

















Martine 684.84 54*4.02 7*2.41 36.17 1906 679 0.04259 205.8 1000 
Rail 483.42 45*3.70 7*2.47 29.61 1339 260 0.05994 115.6 1000 
Curlew 523.68 54*3.52 7*3.52 31.68 1451 530 0.05531 162.7 1000 
 
 
Considering the issues related to high power transmission and corona phenomenon in EHV lines the 
use of several conductors in a bundle is essential [4]. Studies on a variety of existing 765kV transmission 
lines show that these lines are designed to transfer a power of 4000 MVA (or even more), for which line 






                                  (1) 
 
According to the analysis of 765 kV transmission lines, the transferred power of S=5000MVA is 
considered for a single circuit line has six conductors per phase [4]. And by considering the voltage V = 765 
kV, rated current value is equal to a 3773 A. Therefore, regarding the following cases, the mentioned 
transmission line is chosen to have six conductors per phase [5]: 
• To balance the weight, the number of conductor bundles must be even (four or six). 
• The four-wire bundled Rail Conductor has a tolerable current equal to 3940A when compared with 
the rated current of 765kV transmission line, it is inferred that the former will has a lower loading 
margin.  




Figure 1. Six-wire transmission line 
 
 
3. APPROPRIATE CROSS SECTION FROM THE VIEWPOINT OF SHORT CIRCUIT 
Besides the numerous factors that are involved in determining the cross-section of conductors, short 
circuit current is another key aspect in proper selection of the conductors. Conductor cross section is 
determined according to the rated current, and then based on the level of short circuit test. Eqs. (2) and (3) 
assess the minimum cross section required to withstand the heat generated due to the short circuit [6]. 
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S: Cross section of conductor (mm) 
ISC: Standard short circuit current (A) 
t: The persistence time of short circuit current (s) 
k: Constant coefficient related to the conductor material which is dependent to the following 
parameters: 
w: Specific weight of the conductor (gr/cm3) 
C: Specific heat of conductor metal (Calory/g-oc) 
∆ϴ : The conductor temperature rise (0c) 
ρ: Specific resistance of the conductor (ohm.m/mm2). 
 
K value for ACSR conductors is 85, Isc value for 765kV line is 70kA, and the t is 0.5s. Inserting 
these values in Eq. (2), the required cross section is obtained to be 582.32 mm2 which is able to withstand 
short circuit level compared to the six-wire bundled Rail conductor. 
 
 
4. DETERMINING THE APPROPRIATE DISTANCE FROM THE BUNDLE, GMD AND GMR 
The studied transmission line is a horizontal single-circuit line with six conductors per bundle. 
According to the standards, maximum distance between conductors in bundled lines is 457mm. 
By studying various transmission lines, phase distance from the next phase is about 18m while this 
distance in lateral phases is about 36m [7]. 
Then geometric mean radius (GMR) and the geometric mean distance (GMD) are calculated using 




6=  (4) 
DDDGMD 231312
3
××=              (5) 
 
Where: 
GMR : Geometric mean radius (m) 
GMD: Geometric mean distance (m) 
d: Distance between the conductors in the bundle (m) 
D: Distance between the phases (m). 
Inserting d = 0.430 m and D = 18 m, GMR and GMD values are obtained as follows: 
 
GMD=22.678 m  
GMR=0.371 m  
 
By calculating the GMR and GMD, the inductance and the capacitance values of transmission line 
















C : The line capacitance (F/ m) 
ε0  : The dielectric coefficient of vacuum which is 8.85*10-12 (F/m) 
GMD  : Geometric mean distance (m) 
GMR : Geometric mean radius (m).  
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.L 87250=   
m
nF
.C 013510=   
 
Thus, regarding network frequency f=50Hz, reactance and susceptance values of the transmission 
line are obtained using Eqs. (8) and (9).  
 
L.f.X L pi= 2  (8) 
C.f.B pi= 2  (9) 
 
By inserting L, C and f values,  
 
km.X L Ω= 2740  
 
km..B Ω×=
− 110242414 6   
 
Rail conductors’ permitted current value is equal to 985A. Also, regarding the line characteristic for 
which the transmitted power is considered about 5000 MW, it can be claimed that the amount of current 
passing through each phase with respect to line voltage 765kV is 3770A. And given that there are six wires 
for each phase, therefore for each bundled conductors’ current passing is 630A in steady state. 
As a result, Rail conductors can easily pass constant current through transmission line. 
 
 
5. DETERMINING THE PROPER CROSS SECTION FOR FITTINGS 
One of the problems occurred in fittings due to short circuit current is in welded joint corrosion, 
such as connecting two parts together or celebrating with a hole between the bolts and nuts. Considering the 
amount and time of current passing through lines, a cross section can be obtained using Eqs. (2) and (3) for 
existing connections in the line which are of steel and aluminum type such that short circuit current and in 
turn the generated heat do not deform them.  
According to the standard for metal alloys, the values of W, C, ∆θ, ρ, t and Isc for steel are 7.8, 0.11, 
0.096, 0.5 and 70, respectively, while the mentioned values for aluminum are 2.7, 0.215, 0.028, 0.5 and 70. 
Inserting these values in Eqs. (2) and (3) results in proper cross sections of 580 mm2 and 330 mm2 for 
aluminum and steel, respectively.  
 
 
6. DETERMINING THE NUMBER OF INSULATORS 
Insulators used in designed transmission line are 160kN insulators with tolerable voltage of 10kV. 
To calculate the number of insulators in insulator string, voltage distribution should be checked along 
insulator string and finally obtain the required number of insulators.  
In practice, due to the capacitance between metal parts of insulator string, towers and earth, voltage 
distribution on insulators is not uniform. The maximum and minimum voltages on insulator strings are on the 
insulator connected to the conductor and the insulator connected to the tower, respectively.  
To calculate the voltage distribution along the insulator string, the capacitance between insulators 
themselves and the tower should be determined. Although the capacitance of all insulators is not same, 
however, considering the short length of insulator string respect to the tower height and its uniformity, 
capacitance of whole insulators is same to be C1, and the capacitance between insulators and tower is to be 












=  (8) 
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Where, C1 and C2 values given in [9] are the capacitance between the metal part and earth, and 
insulator capacitance, respectively. Consequently, having the value of α, distributed voltage in two ends of 
insulators is obtained. If the voltage distribution curve is considered to be linear along insulators, in this case, 
C1/C2=12 and α=0.2887. In addition, K, n, Vng and Vkg are insulator numbers we can calculate the voltage 
across it, the total number of insulators, phase voltage of transmission line, and Kth insulator voltage, 
respectively. Inserting all of these parameters in Eq. (8), the number of insulators is obtained to be 35. 
 
 
7. CALCULATING THE VOLTAGE GRADIENT 
Voltage gradient around the conductor and fittings can play an important role in the phenomenon of 
corona and the resulted losses. According to Ref. [7] the voltage gradient for Six-bundled Rail conductors in 



















=  (11) 
 
Where: 
gmax: The maximum voltage gradient at the surface of conductors (kV/cm) 
V: Line phase voltage (KV) 
n: The number of bundled conductors per phase  
r: Radius of conductor (cm) 
C: Line capacitance (F/ km) 
GMR: Geometric mean radius of the bundled conductors (cm) 
Bs: Distance from the bundle conductors (cm). 
According to the Standard of Power Ministry [7], gmax value should not exceed the critical voltage 
gradient g0=15.9 kV/cm, which the performed calculations also are in the desired range. However to limit the 
amount of voltage gradient in the surrounding insulator strings and fittings, corona rings can be used [10].  
 
 
8. CALCULATING CRITICAL VOLTAGE 
In a transmission line, if the applied voltage reaches to the critical value, the surrounding air begins 
to be ionized. Corona losses and communication disturbances to be in a certain level, it is required that 
according to Ref. [7] the applied voltage to the conductor does not exceed 1.8 times of the critical voltage. 
Critical voltage value is a function of the line physical features and environmental conditions which 








3010  (12) 
T
P298
=δ  (13) 
)r/GMDln(.r..m.gV vC δ=  (14) 
Where: 
gv  : Critical voltage gradient (kV/cm) 
g0  : The threshold breakdown voltage (KV / cm) 
r  : Radius of conductor (cm) 
δ  : Relative density 
P  : Air pressure (At.) 
T  : Air temperature (K◦) 
m  : Coefficient of conductor surface roughness  
GMD  : Geometric mean distance between conductors (cm). 
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Due to different climatic conditions existing in Iran, the temperature of 400C and height of 1000m is 
considered which can be a good condition in summer in most parts of the country. The value of m for ACSR 
conductors is 0.85. It is noteworthy that the values of g0 and GMD are mentioned formerly. 
















9. THE AMOUNT OF CORONA LOSSES 
The main disadvantage of corona phenomenon is the resulted losses which may be increased to ten 
times on rainy or snowy days. In a typical EHV transmission line, the losses can be of a significant amount. 
Therefore, in designing transmission line the corona losses should be also calculated [11]. 
There are two methods for calculating corona losses. One of these methods is presented by Pik 




.(F..PC 003140=  (15) 
 
Where: 
PC  : Corona losses (kW / km) 
V  : Effective-phase voltage (kV) 
GMD  : Geometric mean distance between conductors (cm). 
r  : Radius of conductor (cm) 
F: Constant coefficient and the critical voltage 
Studies show that when corona losses are low, the mentioned equation has no good accuracy, and at 
this situation using Peterson method would has good accuracy as shown in Eq. (16). 
GMD
r





Pc: Corona losses (kW / km) 
V  : Effective-phase voltage (kV) 
Vc  : A critical voltage (KV) 
GMD  : Geometric mean distance between conductors (cm). 
r  : Radius of conductor (cm) 
Given that the amount of Vph/VC is less than 1.8, therefore, to calculate corona losses Peterson 
equation is used as follows: 
Pc=1.44 kW/km 
Corona losses in a 1000km transmission line are almost 1.5MW/km which is a good value. 
 
 
10. CORONA RING DESIGN 
Figure 2 shows an example of the 765 kV insulator strings with 35 insulators divided into four 
branches (to withstand tensile forces), in which to limit the voltage gradient along the insulator string ring 
located in proper position and with appropriate dimensions. In addition to reduction of the voltage gradient 
around insulator string causes to reduction of losses. 
In corona ring design, three main parameters should be determined [12],  
1) Diameter profiles 
2) Radius of the ring 
3) Position of ring along the insulator strings 
For this purpose, an insulator strings along with a corona ring are simulated in Quick Field simulation 
software. Ring radius and profile diameter are changed in the range of different to obtain optimal dimensions 
for corona ring. The corona ring diameter of 7cm and radius of 150cm are the best optimized to reduce the 
size of the voltage gradient around insulators. 
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Figure 2. A typical corona ring 
 
 
After determining the corona ring dimensions, the height of the corona ring is also examined along 
insulator strings. Finally, with the simulation software and changing the height respect to the first insulator, it 
was determined that the height of 4cm above the first insulator to corona rings that is placed along with 
insulators, and the second corona ring on the connections of end clamp create the best position to decrease 
the voltage gradient [10, 12]. 
 
 
11. VOLTAGE REGULATION PERCENTAGE 
Voltage regulation percentage is the change of voltage from zero to the rated voltage divided to the 








rs%VR  (17) 
 
Where: 
VR%: Line voltage regulation percentage 
Vs : Sending end voltage (kV) 
Vr  : Receiving end voltage (kV) 




































Is  : The sending end current (A) 
Ir  : The receiving end current (A). Values of A, B, C and D are obtained from Eq. (19) to (22). 
 
( )lcoshA γ=  (19) 





γsinh1=  (21) 









ZC =  (24) 
 
Where: 
y: Parallel Admittance of transmission line (Ψ/ Km) 
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z: Series impedance of transmission line (Ω/ Km). 
Inserting the parameters obtained from section three, voltage regulation percentage will be: 
 
VR%= 0.042  
 
Given that the voltage changes from ±10% in line is allowed, the amount of voltage regulation 
percentage is appropriate.  
 
 
12. SIGNIFICANTLY REDUCING INSTALLATION PERMITTED DISTANCE AND COST OF TRANSMISSION LINES 
One of the most striking features of the transmission lines are the permitted distance which is 
directly related to the cost of transmission lines installations [2]. Permitted distances requirements depend on 
several transmission line factors which are considered during calculations. These factors include: electric and 
magnetic fields, and the safety distance required for each voltage level, considering the distance required 
between conductors in the line to prevent the effects of wind and storm, planning and future development of 
lines due to the increase in consumer demand, and mechanical considerations and considering the permitted 
distance between the line conductors to prevent the occurrence of galloping in two circuits transmission line 
[5]. In most cases, the allocation of extra line distances in designing and constructing the line leads to better 
control of the line and thereby increase network reliability. However, it is impossible in many cases due to 
lack of space, expensive lands, and/or a favorable ground for the construction of this line. So the best solution 
to solve the permitted distance problem is the use of high voltage lines, which in this case by replacing high 
voltage lines instead of low voltage lines will lead to a significant reduction in the size and permitted 
distance.  
As it is depicted in Figs. (3) and (4), for construction of a 765 kV single circuit transmission line 
with 6 conductors per phase about 200 feet permitted distance is required, while for a 400kV two circuits 
transmission this value is about 150 feet. Thus, for transmitting the equal electric power by 400 kV power 
transmission line, it is required to have three 400 kV transmission lines of two circuits or six single-circuit 
transmission line. In this case, the permitted distance is increased 450 feet (2.5 times) for two-circuit line and 
900 feet (4.5 times) for single-circuit line. Also, as it can be seen from Figs. (3) and (4), by the voltage 
reduction the problem of permitted distance is resolved. Given the importance of construction of high voltage 





Figure 3. Comparison between 345kV and 765 kV permitted distance with equal transmission capacity 
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Figure 4. Comparison between 132kV and 765 kV permitted distance with equal transmission capacity 
 
 
13. 765 KV NETWORK RELIABILITY RESPECT TO THE LOWER VOLTAGE LEVELS 
In studies conducted in various types of transmission lines of different voltage levels and the 
comparison with 765 kV voltage reveals that the transmission lines of 765kV level are inherently more 
reliable than the other lower voltage levels lines. When 765 kV transmission lines with six conductors in each 
phase is utilized, due to the increase in geometric mean radius, and the uniform distribution field, the level of 
corona effects and noises are acceptable [13, 4]. 
According to statistics results obtained in [3], 765 kV transmission lines have one outage in every 
100 miles per year, while for 500kV transmission lines the outage is 1.4. Further, because these lines are of 
single-circuit type, the faults are single phase to the tower and the two-phase as well as three-phase faults are 
rare resulting in less outage. Also, using single circuit line causes no Galloping phenomenon, also due to the 




Given the growing need for electrical energy, appropriate measures are essential to overcome the 
problems of electric power transmission lines, reducing permitted distances, increasing network reliability 
from the view point of less outage, power loss reduction especially corona losses, communication 
disturbances reduction and many other issues. In this paper, the importance of increasing voltage of 
transmission lines and the benefits that resolve many of the problems are studied, and finally, a single circuit 
765kV transmission line with six conductors per phase were compared with lower voltage levels transmission 




[1] “The AEP Interstate Project Proposal--A 765 kV Transmission Line from West Virginia to New Jersey," American 
Electric Power, Jan 31, 2006. 
[2] “AEP-ITC 765 kV Interstate Transmission Project," American Electric Power and ITC Transmission, Dec 20, 
2006. 
[3] “An IEEE Survey of U.S. and Canadian Overhead Transmission Outages at 230 kV and Above,” Working Group 
on Statistics of Line Outages, IEEE Transmission & Distribution Committee, Paper No. 93 WM 054-7 PWRD, 
IEEE-PES Winter Meeting, Columbus, OH, Jan/Feb 1993. 
[4] "AEP Interstate Project: Why 765 kV AC?” American Electric Power and ITC Transmission, August 24, 2006. 
[5] “AEP Interstate Project: 765 kV or 345 kV Transmission,” American Electric Power and ITC Transmission April 
24, 2007. 
[6] Standards of transmission line conductors (Iran, Ministry of Energy, Tavanir), volume 102 (calculation and 
determination of effective parameters). 
[7] Standards of transmission lines (Iran, Ministry of Energy, Tavanir) Volume 203 (voltage gradient calculations). 
IJECE  ISSN: 2088-8708  
 
765 kV Transmission Line Design (Electrical Section) (Aydin Sakhavati) 
707
[8] Standards of transmission lines (Iran, Ministry of Energy, Tavanir) Volume 208 (calculation of skin effect and 
bundled conductors). 
[9] Standards of transmission lines (Iran, Ministry of Energy, Tavanir) Volume 210 (Engineering Design and Selection 
Criteria for insulators). 
[10] Sima W., Espino-Cortes F.P., Edward A.C. and Jayaram H.S., "Optimization of Corona Ring Design for Long-Rod 
Insulators Using FEM Based Computational analysis" IEEE International Symposium on Electrical Insulation, 
Indianapolis, in USA, 19-22 September 2004 Page(s) :480 – 483 
[11] Standards of transmission lines (Iran, Ministry of Energy, Tavanir) Volume 204 (calculation of corona losses) 
[12] M. Yaltagiyani  M. Mahaei "Simulation Of Corona Rings In The Chain Dimensions Of Composite Insulators Based 
On Creating Uniform Electric Field Intensity”, 6th International Conference on Technical and Physical Problems of 
Power Engineering 14-16 September 2010 Seraj Higher Education Institute, Tabriz, Iran. 
[13] “Proposed Land Use & Environmental Mitigations,” American Electric Power, April 6, 2006. 
[14] Muhammad Randhawa, "Voltage Stability Assessment of the Energy Electrical System", M.S. Thesis, Arizona 
State University, Tempe, AZ, 2007.  
 
 
BIOGRAPHIES OF AUTHORS 
 
 
Aidin Sakhavati was born in Orumieh, Iran, in 1978. He received his BS and MS degrees in 
electrical engineering in 2000 and 2003 from Islamic Azad university-Tabriz branch, and Tabriz 
University, Tabriz, Iran, respectively. Also, he received hid Ph.D degrees in electrical 
Engineering in 2010 from Islamic Azad University, science and research branch, Tehran, Iran. 
His researching interests include power systems dynamic and control application of Quantitative 
Feedback Theory, Particle Swarm Optimization and Genetic Algorithm in FACTS devices and 







Mostafa Yaltagiyani was born in Tabriz, Iran, in 1984. He received the B.Sc. degrees (with First 
Class Honors) in power electrical engineering from University of Hormozghan, Bandarabbas, 
Iran, in 2008. Also he is Operator expert in Azerbaijan Regional Electric Company, Tabriz, Iran. 
He has published more than 10 papers in power systems and power electronics related topics in 











Shirin saleh ahari was born in Tabriz-Iran in 1982.she received the B.Sc. degree in electrical 
engineering from the Islamic Azad University, Tabriz, Iran, in 2010.Currently, she is working 
toward her M.S degree in electrical engineering at Islamic Azad University Ahar Branch, Ahar, 
Iran. Her research interests include analysis and designing of electrical power systems. 
 
Seyed Mahdi Mahaei was born in Tabriz, Iran, in 1984. He received the B.Sc. and M. Sc. 
degrees (with First Class Honors) in power electrical engineering from University of Applied 
Science and Technology, Tabriz, Iran, in 2007, and Islamic Azad University, Ahar, Iran, in 2011, 
respectively. Also he is Substation project controler in Azerbaijan Regional Electric Company, 
Tabriz, Iran. He has published more than 35 papers in power systems and power electronics 
related topics in journals and conferences. His research interests include power system operation 
and power system planning. 
 
 
